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ABSTRACT /305‘7

A sketch is given of the time decay of the Starfish
radiation belt over & ocne year periocd using data from
SUI/ORR satellites Injun I and Injun III. As an exemple,
the apparent mean lifetime of ~ 2 MeV electrons for the period
400 € At < 1200 hours after the burst for L = 1.185 is
about 33 days, more-or-less independent of B over the range
0.195 to 0.220 gauss. For L & 1.5 the observed decay is well
explained by the quiescent scattering and energy loss in the
atmosphere as calculated in detail by Welt. The peak intensity
of electrons in the Starfish belt was initially J_ ~ 1.4 x 10°
(co® sec)™ at L = 1.18 on the equator. By June-July 1963, cme
yeer later, it vas J, < 1.5« 108 (cn? sec)l at L =1.35
the equator. The mean lifetime of ~ 2 MeV electrons at the
most durable portion of the Starfish belt (L ~ 1.35) is about
16 months (or about two orders of magnitude less than the estimate
of Hess et al, in September 1962). About 10% of initimlly
injected electrons (daminantly the higher energy omes) remained
trapped at the end of one year. The total number initislly
injected was ~ 1.3 x 10°2, sbout 3% of the total number of

fission-decay electrons availaeble fram the Starfish burst,
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A preliminary report on the time hiatory of two of the
three artificlal radiation belts produced by Soviet high altitude
atamic bursts in October-November 1962 is given. The data are
from 5.U.I. equipment in the N.A.S.A. satellite Explorer XIV
(courtesy of L. A. Frank). The mean lifetime of electroms of
E > 250 keV was of the order of 25 days for 2.4 € L < 3.6.

At L 2 3.6 there were marked matural fluctuaticns.

Thus, in agreement with previous evidence, it is confirmed
that trepping life-times increase rapidly with increasing
altitude (due to diminishing atmospheric density), bave e
maximum of the order of a year at L ~ 1.4, then decline to
values of the arder of days to weeks at L 2 2.0 (due to
megnetic and electramegnetic perturbatiomns).

It is urged that an official govermment report be prepared,
sumarizing current evidence, in order to correct the excessively
high estimates of the injection efficiency, physical extent,
and lifetime predictions which were contained in early, widely
distributed government documents in the fall of 1962 and to
provide satellite engineers with realistic design specifications.

It is noted that the 1962-63 epoch is cne of near-mininmum
solar activity and that considerably reduced lifetimes may be
expected during 1967-68-60 due to increase of atmospheric demsity

at high altitudesand to enhanced geomagnetic perturbations.

RJ+HER



1. Introduction

There are reported herein same further results on the long-
term history of the Starfish radiation belt which have been
obtained since our report to the Symposium of the Defense Atomic
Suppart Agency on 15, 16 April 1963 /Van Allen, 1963a/. The
bases for extension of the earlier work are as follows:

(a) The Injun I data for the one year period preceding the
Starfish event and for the two month period following the event

have been reduced again and matched against B and L values

camputed with the improved McIlwain program which employs the

Jensen-Cain coefficients for the epoch 1960. Although this

work has not yet been campleted, it appears that the,earlier wark
on the spatial distribution and time decay of the intensity of
energetic electrans will not be changed in any important way,
though the scatter of the experimental points is reduced

somevhat .

(b) Dr. B. J. Fermer of the Ling-Temco-Vought Research Center
in Dallas has run a comprehensive set of experimental calibrations
of our flight-spare, shielded Geiger tube (SpB) using electron
beams from the LTV Van de Graaff up to 2.4 MeV. These results
will be reported later in full. They give a very good confirmation

of the form of earlier, calculated efficiency curves and show that
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the previously used absalute efficiency of the SpB detectar

[Ven Allen, 1963/ was not in error by more than 50%.

(¢) We have continued to follow the time decay of intensity

of the Starfish electrons with Injun III, which carries an

SpB detectar substantially identical to the one in Injun I, as

well as a variety of other detectors which detect the electroms

directly. A large body of Injun III data is available for the

period i3 December 1962 through October 1963. The initial

parameters of the orbit of Injun III were as follows:
Inclination of Orbit TOh°

Period 116.3 minutes
Altitude of Perigee 230 knm
Altitude of Apogee 2800 knm.

By virtue of the fact that the apogee of Injun III's orbit is
considersbly higher than that of Injun I, much improved coverage
of the outer portion of the Starfish belt has been achieved
(up to L = 1.5 on the equatar). Results from the SpB detector
of Injun III are reported herein. A much fuller knowledge of the
detailed composition end long-term history of the Starfish
belt will be cbtained when the data fram the other detectors
have been reduced.

In addition to the above, there is given herein a series

of curves on the time decay of the first two of the three Soviet



artificial radiation belts which were produced in October-
November 1962. These results were obtained by S.U.I. equipment
in Explorer XIV, lsunched on 2 October 1962. Both pre-burst
end post-burst date are given for the period October 1962
through February 1963, using a detectar which measured the
electrons directly with an open-ended, thin-window Geiger tube.
Initial parameters of the orbit of Explorer XIV were:

Inclination of Grbit 33.0°

Period 2185 minutes

Altitude of Perigee 281 knm

Altitude of Apogee 98,533 Ikm.



2. Brief Review of Injun I Results

Among the various detectors in the S.U.I./O.N.R. satellite
Injun I, the heavily shielded Geiger tube SpB has proved to be
the most generally useful for determining the spatial structure
and time decay of the intensities of the Starfish, though
suxilisry infoarmation has been cbteined with several of the
other detectars. Two previous papers on Injun I results have
been published /O'Brien, Iaughlin, and Van Allen, 1962/

[Ven Allen, Frank, and O'Brien, 1963/ and two S.U.I. preprints
have been distributed /Ven Allen, 1963a; Van Allen, 1963b/ and
included in D.A.S.A. documents.

The more recent study of Injun I data (cf. Introduction)
hes given no reason for substantial modification of earlier
results. The characteristic of SpB for the detection of
electrons (Figure 1) and the initisl configuration of the Starfish
belt (left hand portion of Figure 2) are reproduced fram the
previcus paper, which should be consulted for further detail.

There were estimated to have been a total of
1.3 x 1057

electrons present in the Starfish radiation belt at

At ~ 10 hours, The directly determined in-flight efficiency of



J/R = 10° cuf was in good agreement with that expected by

Figure 1 for a Carter-Reines-Wegner-Wyman electron spectrum.

(ne. of the final time-decay curves fram Injun I data is
given in Figure 3. As with the previously reported time decay
curves and accampanying discussion [Van Allen, 1963a/, it is seen
that:

(a) The apparent mean lifetimes (derived from the instantaneous
slope of the curves of log (counting rate) vs elapsed time)
increased markedly during the first 300 hours, the effect
being greater at larger B values (smaller minimm altitude
h oo values);

(v) After the first 300 hours, the apparent mean lifetimes for
a given L value (i.e., for a given magnetic "shell") were
approximately independent of B (ar of b , ).

As shown in an accompanying paper by Martin Walt, the set of curves

shown in Figure 3 has received an essentielly camplete explana~

tion, both qualitatively and quantitatively, in terms of
quiescent ocutscattering and energy loss in the atmosphere.

In the theoretical calculations, the best avallable data an

atmospheric density and molecular, atamic, and electromic

camposition as a function of altitude were used; the trapped
particle motion in the real geomaegnetic field was treated at

a high level of precision; the cbserved initial distribution



(Figure 4) was taken as the starting point in the calculation;
and the energy dependence of the sensitivity of the SpB
(Figure 1) was adopted.

The success of Walt's calculations (at L < 1.2)
constitutes a most important advance in understanding the physical
dynamics of the inner zone.

Extension of this wark to higber L shells by Walt and by
the writer is in progress using both Injun I and Injun III data.
The latter continues the time histaory to a total &t of over
14 months with a hamogeneous technique,

By Figure 3, the apparent mean lifetime for the period
oo € At < 1200 hours for 1.175 £ L < 1.195 is about

33 deys
more-or~less independent of B over the range 0.195 < B < 0.220
gauss. By Figure 1 and the calculated spectral curves of Welt,
this value is understood as appropriate to an effective electron
energy of about 2.5 MeV. It should be noted that this value

is appropriate to a period of low solar activity and of
markedly depressed atmospheric demsity at high altitudes, as

discussed in more detail below.




3. Injun III Results

A large body of Injun III observations with an SpB detector
naninally identical to that in Injun I is now available for the
period 13 December 1962 through October 1963. There is a
corresponding body of simultaneous observations with a family of
direct, directional detectars. The value of the latter is
greatly enhanced by the fact that Injun III is a magnetically
oriented satellite so that measurements with direct, directiomal
detectors are made at known angles to local magnetic vectar,
especially perpendicular to B. A full reduction of the
observations will not be available for scme months. The present
section presents preliminary summaries of the SpB results,

It is difficult to make a thoroughly satisfactory ccmpa.rison‘
of the absolute efficiencies of the SpB in Injun III with that in
InjJun I eince strictly camparable calibrations were not performed
on the respective flight units. They were substantially identical
in shielding and employed naminally identical 213 Geiger tubes.
In previous work it has been found that these small tubes differ
in effective amnidirectionally-averaged cross-section by as
much as a factor of two. At high letitudes the counting rate
due to galactic cosmic rays of the SpB in Injun III (Dec. 1962
- Jan. - Feb, 1963) was found to be 2.2 times as great as the

corresponding rate of the SpB in Injun I (Sept. - Oct. 1961).
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On the basis of miscellanecus information on galactic cosmic

ray intensity fram Ploneer IV, Iunik I, Lunik IT, Explorer XII,
Explorer XIV, Iunik IV, Mariner II, and Mars I by various
American and Soviet experimenters, it appears that the inter-
planetary cosmic ray intensity increased by about a factor of
2 between March 1959 and late 1962. Most of this increase
apparently occurred after February 1961. Thus we tentatively
coaclude that the effective cross-section of the SpB in

Injun IIX was 1.5 to 2 times as great as that in Injun I

for penetrating particles and (hopefully) about the same for
bremsstrahlung. In joining together the Injun I and Injun III
series of measurements and, perhaps more importantly, in assessing
the background subtraction due to natural inner-zone protams,
the uncertainty in this factor must be borne in mind.

Due to the slow decay of the Starfish belt over the
pericd 6 £ a t £ 14 months, intensity contours of very good
accuracy can be found by cambining all data on the (true)
counting rate of the SpB during & two or three month period
into a single diegram.

Figure 5 is such a diagram for December 1962 and
January and February 1963, and Figure 6, for June and July 1963.
The contimued shrinkage of the Starfish belt is evident, though
it should be noted that by At ~ 12 months the counting-rate




contribution of natural protons {cf. Figure 3 of Van Allen,
1963a) 1s important and, in same regions of B-L space, daminant,
Thus, in Figure 7 is given a preliminary summary of the
time history of SpB counting rate vs B within the magnetic shell
1.175 £ L £ 1.195. The decay of the Starfish contribution by
a factor of the arder of 100 is evident between 9 July 196
and June 1963. There is an apparent lack of decay between
January and April 1563, vwhich is not understood. But one of the
immediately striking features of Figure 7 is that for B > 0.203
there appeears to bave been essentially no decay in the counting
rate of SpB during a six month period. Fram this fact and fram
the form of the counting rate vs B curves it appears that the
Starfish contribution has shrunk to a negligible fractiom of
that due to the natural radiation. If this 1s indeed so then,
even if Injun YII rates are divided by a factor as great as 2,
the natural inner zone intensity on the L = 1.185 shell increased
by a factor larger than 2 between early 1961 and mid-1963. Such
an increase is plausibly linked to the marked reductiom in
atmospheric density at high altitudes which has been found by
air drag measurements on various satellites during this period
and attridbuted to a diminution of solar heating of the
atmosphere [Jacchia, 1963/ /King-Hele and Rees, 1963/
[Wcolet, 1963 as the general solar activity has declined.




On this line of thought, one can easily estimate a lower
1imit to the source function for protons of E > 40 MeV in the
inner zone. Thus, at L = 1.185, B = 0.19 the amnidirectional
intensity of such particles increased by 7 x 10° (cm- sec)™t
within a two year period. If one further assumes no atmospheric
losses during this period (in the spirit of cbtaining a lower
1imit) one finds that the source function
2

s > . T1x10
(6 x 107) (0.283) (3 x 10'°)

S > 1ldx 10" (cnd sec)™ .

Upon comparison with the cosmic-ray neutron albedo yleld function
( ~2 x 107 (o3 sec)™!) [Hess, Canfield, end Lingenfelter,
19627 it 1s evident that the above possibility is plausible.
Further analysis of this aspect of the present results is being
done with the object of direct determination of the inner zone
source function.

Another view of this same matter and perhaps the best
single presentation of the time histary of the Starfish belt
1s shown by the equatorial section of Figure 8. The lower
edge of the natural inner zone at A = 0° is seen to have

moved to lower altitudes by 115 to 170 km depending on whether
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one divides the counting rates of the Injun III SpB rates by

2 or by 1 for camparison with those of the Injun I SpB.

The time history of the Starfish belt, as measured by a

shielded Geiger tube, is exhibited in simplified form in
Figure 8.

(e)

(v)

(c)

The contribution of the Starfish electrom to the
counting rate of the SpB at about one year after the
burst 1s negligible ccupared to thet of the natural
radiation (1.e., I < 2 x 107 (ca® sec)™ of fission
spectrum electron or equivalent) for L <« 1.17 and
far L 2 1.6.

The peak intensity of the Starfish belt has shifted
it initial value of J_ ~ 1.4 x 10° (cu® sec)™t at

L = 1.18 (9-10 July 1962) to J, < 1.5x 108
(o sec)™t at L = 1.35 (June 1963).

By Figure 8 and Figure 6 it is estimated that the
value of the volume integral of the SpB counting rate
over the Starfish belt in June 1963 did not exceed
20% of 1ts initial value. In view of the tendency
toward more rapid loss of lower energy electrons
[Welt, 19637, 1t is further estimated that about 10%
(mostly those of E > 3 MeV) of the initislly
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injected Starfish electrans survived one year. It will
be recalled in turn /Van Allen, 1963b/ that about 3% of
the total fission electrons available fram the 1.4
megaton burst (5 x 10°0) vere present in trapped orbits
at &t < 20 hours.

(a) The mean lifetime of electrons of energy ~ 2 MeV at the
most dursble part of the Starfish belt (L ~ 1.35) is
about 16 months (two orders of magnitude less than the
estimates of Hess et al. in September 1962). The mean
lifetime is less at both lower and higher values of L.
The data from the full array of Injun III detectars are

in process of reduction and will be reported later,
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Y, Notes on the Soviet Radistion Belts
of October-November 1962

Three artificial radiation belts were produced by Soviet

high altitude atamic bursts in late 1962. The dates of these

bursts have been announced as

22 October ("sub-megaton")
28 October ("sub-megaton")
1 November {'megaton").

Previous cbservaetions have been reported by other investigators
using NASA's Explorer XV (launched on 27 Octoger 1962) /MeIlvain,
1963/ end a D.0.D. satellite [see Bulletin of hith Anmual Meeting
of American Geophysical Union, 17-20 April, 1963, Washington,

D. ¢./.

S.U.I. equipment in the FASA satellite Explorer XIV,
though not designed for the study of artificial radiation belts
[Frank, Ven Allen, Whelpley, and Craven, 1963/, has nonetheless
provided a valuable survey of the Starfish belt and of the three
subsequently-produced Soviet belts. The period of Explarer XIV's
operation was from 2 October 1962 to 8 August 1963. Since
Explorer XIV was in orbit before any one of the three Soviet
bursts occurred, it provides an spparently unique, before-and-after
coverage of the particle intensities in the affected regions far
all three of ‘these bursts, as did Injun I for Starfish,
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Two sets of curves are included in the present report
through the courtesy of L. A. Frenk of this labaratory. These
are given as Figures 9 and 10, which show canidirectional
intensities of particles capsble of penetrating 48 mg/cma of
aluminum as a function of time from eerly October 1962 to
latter February 1963, for L > 2.4, The range of gecmagnetic
latitude of the observatioms is 15° < A < 25° for
L=2.0, 2.6, and 2.8; 10° &£ A £ 30° for L = 3.2 and 3.4;
and 0° € A < 20° for L = 3.6, 4.2, and 4.8. The following
features may be noted:

(a) On the magnetic shells L = 2.4, 2.6, 2.8, 3.2, 3.4, and
3.6 there was a marked increase in intensity between 21 and

23 October, This increase is attributed to the first of the
three Soviet bursts. Such an increase was not seen at L = 4,2
and 4.8,

(v) On the magnetic shells L = 2.4 end 2.6 a second marked
increase, of camperable magnitude to the first, was cbserved
to have occurred between 27 October and 30 Octcber. This increase
is attributed to the second of the three Soviet bursts. The
increase was not discerned on shells having L > 3.k,

(c) No increese in intensity due to the third burst was
seen far L > 2.,
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(d)  As observed many times before with Explorer IV,

Explorer VII, Explorer XII, and Explorer XIV, the natural time
fluctuations in the intensity of electroms in the MeV energy
range increased markedly with increesing L. Far L > 3.6,
natural fluctuations of over a factor-of-ten within times of the
aorder of a deay or less are camuon,

(e) The effects of the first and second Soviet bursts
(electrons E e = 250 keV) disappeared into the natural backe
ground by sbout 1 Januery 1963 for L= 2.4, 2,8, and 3.2 and

by 15 November for L = 3.6. The apparent mean lifetime was of
the order of 25 days for 2.4 € L <€ 3.6. The early disappearance
of the artificislly injected electrans on the L = 3.6 shell

was due to a catastrophic geophysical event, whose influence

was also discernible at L = 3.2.

(£) A preliminary estimate of the total inventory of
artificially injected electrons from eech of the first two Soviet
bursts 1s 1.5 x 10°°,

In Figures 1l and 12 are shown some earlier examples of
netural time fluctuations of the intensity of electrons of
energy greater than 2 MeV in the outer zone /Farbush,
Venkatesan, and McIlwain, 1961/ [Forbush, Pizzella, end
Venkatesan, 1962/. Similar messurements have elso been reported
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befare for the inner zome [Pizzells, McIlwain, end Ven Allen,
1962/ . Thus, apparent decay lifetimes of the order of weeks
for L > 1.9 have been well known for several years.
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5. Remarks

(a) Figure 13 provides the basis for noting that 1962-63 is

an epoch near the minimum of the current 1ll-year solar activity
cycle. During this period there are markedly reduced losses and
perturbations of geamagnetically trapped particles for two
principal reasons -« markedly reduced atmospheric density at high
altitudes and & merked reduction in gecmagnetic stormeactivity.
(King-Hele end Rees [I963/ report that the atmospheric density at
40O km diminished by a factor of 5 between 1956 and 1962 while
that at 600 km diminished by a factar of 30.) By the same tokens,
it 1s reasanable to expect that particle loss rates will be much
greater during the next period of high solar activity (1967-68-69)
than during 1962-63. The present writer expects the last
cbservable vestiges of the Starfish belt to disappear by 1969.

(v) Various govermmental reports issued in the early fall of
1962 reported ~ 40% injection efficiency of Starfish electrons
and quoted anticipated lifetimes of the order of 100 years, The

present writer has noted that these early reports are still being

used for engineering purposes in various industrial and govermmental

laboratories. In view of the now overwhelming evidence that these
reports gave too high an injection efficiency by about a factor
of ten and too long a lifetime by at least a factor of ten, it is
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clear that many satellite engineers are laboring under quite
false and excessive design specifications. The regular scientific
literature appears inadequate to carrect this situation,

Hence, it is urged that D.A.S.A. or snother suitable agency
should attempt a remedy by 1ssuing a new report summarizing
current knowledge and carrying the autharity of the federal

government .
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CAPTIORS FOR FIGURES

Figure 1. Calculated ratio (e = R/Jo) of the counting rate R
of the SpB Geiger tube in Injun I and Injun III due to
bremsstrahlung fram non-penetrating, momoenergetic
electrons of energy E and amnidirectional intensity J °
dN/dE 1s the absolute differential spectral intensity
of electrons fram U fission producis (no. of electrons
per MeV per fission) according to Carter, Reines,
Wagner, and Wymen, Phys. Rev., 113, 280-286, 1959.

Figure 2. Intensity structure of the Starfish radiatiomn belt
at two different time epochs. The factor 10° is the

one applicable to the electron spectrum of Carter et al.
(courtesy L. A. Frank).

Figure 3. A final decay curve for the conditions as listed 4n
the diagram.

(see Figure 7).

Figure 5. SpB counting rate contours. Background has not been
subtracted and is important (see Van Allen, 1963a, and
Figure 8).

Figure 6. SpB counting rate contours. Background has not
been subtracted and is important (see Van Allen, 1963a,
and Figure 8).

Figure 7. A simplified time histary for L ~ 1.185.
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Figure

Figure
Figure

Figure
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8. BEBquatorial section of the inner zone at several time
epochs. The curve marked June/2 bas cne-balf the
ordinate values of the curve marked June 1963 Injun III
and indicates the lowest level of the counting rate of
the SpB in Injun III which can reasonably be adopted as
normalized to the SpB rates of Injun 1.

9. Reduced data on directly measured electron intensities
of E 2 250 keV in the outer zone (A < 30°) in the
region of the 22 Octcber and 28 October 1962 Soviet
artificial belts. Data fram S.U.I. equipment in

Explorer XIV (courtesy L. A. Frank).

10. Extension of Figure 9.

11. An example of temporal fluctuations of the intensity
of electrons of energy E > 2 MeV in the natural outer
zone at altitude of ~10CO km as measured with

Explorer VIT /Forbush, Venkstesan, end McIlwain, 19617,

J2. Further examples of temporal fluctuations of the
intensity of electrons of energy E > 2 MeV in the
natural ocuter zane at altitudes of ~ 1000 km as
measured vith Explorer VII /Forbush, Pizzella, and
Venkatesan, 1962/.

13. A plot of the current solar activity cycle (Central
Radio Propagation laboratories, National Bureau of
Stendards, Boulder, Colorado).
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OMNIDIRECTIONAL INTENSITY
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Figure 9
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SEVERAL VALUES OF L




€1 2an3ta
(roppi0j0 “opmogr ‘SN ‘sant01nL0qnY 10100
-0doLg OpvY ipus)) Iy Aq ydvil wo posvg) “8I-8 So]oAY [0 uvow ay} puv g1 8] 24n ‘UOS
-upduod 10f ‘unoys ospp fumoys aip g 9Ny 1of sjodsuns [0 SLIQUINU PIALISGO Aiyonov puv
pajopasd 2y} yjogf "gr 91— A0y DJOG TUILNY OYF J0f SIIQUNN rodsung

G961 %96l £96l 296! 196} 096l 666l 8G6l 266l 966l Ga6! pG6l ¢Gel 266!
Hdv Hdv Hdv HaV Hdv Hdv HdV Ydy Hdv¥ Hd¥ Hdv¥ Hd¥ ydv ydv
_.....h.r._....-T-_...q-q__-__]J_._~q-____a._—-________4.__._________ D_fu_____._._
. ; oo e, —0!
ajﬂ.... —102 W
) -x.e....ﬂom an
o —or Q
o _| -
M
81-8 S319AD Al
iU ! SYIGWNN TVNIA —10L
- o 296! S3ANTINI -08 0
B 6l 310AD  Jos m
i 0INY3SE0 oy &
7 -
- -{onn o
- ozt
L. bG6l ._.E< NO Q30Vd —og! z
| b6l “934 ONINNIO3E 6l 310A0 1, C
gl 31 Q3121Q34d <
- —{ 081
u g, M
091 T
= -0 W
| — 08!
- HG6I YAV ONINNIOAEE Jom_
L 61 370A0 ¥V0S "o P ~o02
= ’ -1 012 ,
________:____:___________:_:____:__l__:______________:_______:___: 022 ﬂ




